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ABSTRACT
It is estimated that currently the consumption of natural aggregates used annually in the production 
of concrete in the world is around 10 billion tons. Moreover, more than 10 million tons of waste is 
generated annually from the construction industry. The incorporation of recycled aggregates in the 
production of concrete arises mainly due to an environmental factor, because it emphasizes the reduction 
in the consumption of raw materials, reduction of the emission of pollutants to the atmosphere derived 
from the processes of extraction of natural aggregates, between others. Several studies quantifies the 
decrease of mechanical properties according to the percentage of replacement of natural aggregate by 
recycled concrete aggregate. In the present study the authors provide several nonlinear models, which 
are able to predict the modulus of elasticity behaviour of the concrete manufactured with recycled 
aggregate. A database was composed of 147 different mixtures of recycled aggregate concrete collected 
from publications of scientific journals. The database has been used to introduce it to the software 
Polimodels. Polimodels is able to generate different models using different nonlinear regression algo-
rithms. Six different models for the modulus of elasticity are proposed, dependents on certain physical 
and mechanical parameters of the recycled aggregate, as the following; the percentage of absorption, 
Los Angeles abrasion coefficient, and the percentage of substitution of natural aggregate by recycled 
aggregate. It is possible to appreciate the remarkable reduction in the modulus of elasticity due to the 
increase of recycled aggregates in the concrete. When the models have more independent variables 
a better adjustment is noticed that help us to improve the prediction of the modulus of elasticity of 
recycled aggregate concrete.
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1 INTRODUCTION
The use of recycled aggregates (RA) in the production of concrete has many kinds of purposes: 
the reduction in the consumption of raw materials, the reduction of CO2 emissions into the 
atmosphere due to natural aggregate (NA) extraction processes, as well as the valorisation of 
construction and demolition waste (C&W), among others.
It is estimated that the annual consumption in the world of NA used in the production of 
concrete is about 10 billion tons. In addition, more than 10 million tons of C&W is generated 
annually [1]. As a consequence, the environment has to absorb a very important amount of 
waste materials from the construction sector. Moreover, the construction sector consumes a 
high quantity of raw materials for the production of concrete.
The use of recycled aggregates concrete (RAC), provides an alternative of high environmental 
value and more rational from an economic point of view [2]. Extraction of NA, cement manu-
facturing and all production processes related to the manufacture of concrete, with the 
consequent energy consumption of these processes, are associated with the emission of tons 
of CO2 into the atmosphere. For that reason, the use of RA in the manufacture of concrete 
constitutes a significant step towards a more sustainable society.
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The main difference between the recycled aggregates from concrete (RCA) and the NA is 
the mortar adhered to the first, which causes a higher water absorption (WA), lower density, 
higher porosity and a lower wear resistance. Those properties determine the greatest divergence 
between the two kinds of aggregates. Higher mortar content adhered to the RCA, results in a 
greater negative effect on the concrete made with it [3]. Usually, RCA has higher roughness, 
angular shape and porosity and lower density than NA [4].
The use of RCA in concrete production greatly affects the properties of concrete in a fresh 
state. Workability of concrete decreases with increase of RCA content. This rapid loss of 
workability is associated with the high absorption of RCA and the increase of fine content 
during the mixing process as the adhered mortar to the RCA is detached [5]. Currently, the 
causes of the low utilization of RCA are based on its lower performance against the use of 
NA [1, 6, 7]. The lower performance in the RCA is mainly due to the higher absorption properties 
(WA) and higher permeability than in NA [8]. Whit the increase of RCA content in the concrete 
mixture the modulus of elasticity and compressive strength of RAC decrease [9]. For these 
reasons, the NA replaced by RCA is limited to a maximum of 20% in structural concrete by 
several regulations such as EHE-08 [10].
There are a large number of experimental investigations on RAC that allow the use of the 
results obtained to describe the behaviour of RAC through mathematical modelling. However, 
in most of the proposed prediction models, the dependent variable is determined according to the 
values of the RAC dosage to be produced (w/c ratio, cement quantity, etc.) or mechanical values of 
the same concrete that is studied (compressive strength, indirect tensile strength or modulus of 
elasticity). The prediction of the mechanical properties, that can be found several regulations 
[10,11], implies a high number of experimental measures of the RAC to predict the 
behaviour.
The main interest of the authors is to predict the modulus of elasticity using several non-
linear mathematical models, knowing some physical properties of the RCA, such as the 
percentage of water absorption at 24 hours (WA), Los Angeles abrasion coefficient (LA) and 
percentage of recycled aggregate (RCA). In addition, the modulus of elasticity of a control 
concrete (concrete with 0% of RCA in its dosage) will be used as independent variable. 
Moreover, we pretend to analyze the influence of the number of independent variables in the 
different proposed nonlinear models.
2 MATERIALS AND METHODOLOGY
2.1 Database
To achieve the previously mentioned objective, a database has been generated from 147 
different mixtures extracted from different researches where the main theme was RCA. The 
main topic of the selected research is the study of the addition of RCA.
The characteristics of the mixtures used are shown in Table 1. In this table are listed the 
range of the main materials used in the concrete mixture. As can be seen, the wide range of the 
dosage will allow the models to be applicable to virtually any type of concrete with recycled 
aggregate that can be manufactured.
The database reflects the broad spectrum of dosages covered by the study and will greatly 
influence the mechanical behaviour of the RACs by incorporating RCA [12]. As described 
above, the study focuses on the treatment of data to generate nonlinear mathematical models, 
which are able to predict the modulus of elasticity (ERC) of a 28-day-old RAC. First, knowing 
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some physical properties of the aggregate (WA and LA), the percentage of RAC and the compressive 
strength of the control concrete without incorporating RAC in its dosage (0% RCA).
To obtain the ERC models we have used a database of investigations [1–3, 7, 13–24]. The 
following phases have been considered; a) knowing the compressive strength value of a concrete 
with the same RCA degree (f
c, RC) but we still do not know the physical properties of the recycled 
aggregate (Model 1); after we know the WA value of the RCA (Model 2); and finally we also 
know the LA value of the RCA (Model 3). b) the ECC value of the control concrete is known 
(Model 4); then, we also know the WA of the RCA (Model 5); and finally the value LA of the 
RCA (Model 6). It should be noted that WA of the RCA is one of the most important parameters 
to be taken into account when designing the dosage [3,10] because of WA is greater in RCA 
than the NA and it will influence the final physical and mechanical properties of the concrete 
[12,25]. As it will be analyzed later in the models and results, most are linked to this 
parameter.
The main properties of the RA used for the generation of each of the models is shown in 
Table 2. This Table shows the range of apparent densities of the WA at 24 hours and the LA 
of the RCA used in the investigations and used for the construction of the models. As can be 
observed, the wide range of the RAC properties covers the production of any kind of RAC.
The range of the mechanical properties of the RAC used for the different models is shown 
in Table 3. In this table are listed, for each type of model, the value range and the mean value 
Table 1: Dosage ranges of total analyzed mixtures.
Average value 
(kg/m3)
Range of mix proportions (kg/m3)
Minimum Maximum
Cement content (kg/m3) 364 249 520
Addition content (kg/m3) 26 18 35
Water/Cement ratio 0.52 0.35 0.82
Water/Binder ratio 0.52 0.35 0.82
Effective Water/Cement ratio 0.46 0.24 0.72
Effective Water/Binder ratio 0.48 0.29 0.65
Additive content (kg/m3) 5 0 72
Sand (kg/m3) 698 395 1000
Gravel (kg/m3) 531 0 1353
RCA (kg/m3) 543 0 1149
% RCA (in weight) 50 0 100
Table 2: Physical properties of the aggregates used to generate each of the models.
Properties of the RCA
Average value 
(kg/m3)
Range of results (kg/m3)
Minimum Maximum
Particle density (kg/m3) 2191 1239 2750
Water absorption 24 hours (%) 5.39 0.24 16.34
Los Angeles abrasion coefficient (%) 41.26 21.56 65.45
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of the compressive strength, tensile strength and modulus of elasticity of the control 
concretes (RCA = 0%) and of the RACs used in the present study. As can be seen the range 
of values of these properties is wide, so the resulting models will be applicable to a wide 
range of RAC.
Where f
c, RC is compressive strength of the concrete with recycled aggregate substitution 
(MPa), f
c
 is the compressive strength of the reference concrete without substitution of recycled 
aggregates (for compressive strength models, MPa), f
ct, CC is Indirect tensile strength of the 
reference concrete (MPa), f
ct, RC is the indirect tensile strength of recycled aggregate concrete 
(MPa).
2.2 Nonlinear models
In general, it is really difficult to find a law that is capable of predicting the mechanical 
behaviour of concrete, whether or not incorporating recycled aggregate, so that, previously, a 
study of the dosage of the concrete is done. Subsequently, an experimental campaign is carried 
out in which the different additions of RA are contemplated and work is carried out with specific 
modifications of the dosage to achieve the mechanical and durability requirements proposed in the 
design phase. With these data, although it is true that a prediction law cannot be described, we 
can make models that can be adjusted and validated adequately from a statistical point of 
view, which is very useful.
With the problem presented in this way, it is necessary to formally obtain the relation between 
a variable y, dependent on a set of variables x1, x2 , …, xn, which can be expressed in the relation 
y = g (x1, x2,…, xn,) where g can be linear or non-linear. The mathematical formulation of the relations 
obtained from the experimental data is based on the techniques of linear and nonlinear regression analysis. In 
the case of the former, the most generalized method for obtaining the values of the parameters 
involved in the equation is the least squares technique, which, by its linearity, leads to the 
solution of a linear system of the parameters. In contrast, nonlinear regression analysis leads to 
the use of numerical computation techniques to obtain a solution, the most common methods 
are Gauss-Newton gradient and Levenberg-Marquardt [25]. Each of these three algorithms 
poses a series of questions for its computational implementation and concentrate on obtaining 
the values of the partial derivatives. The procedure becomes cumbersome and also impractical, 
which makes it essential to use computer programs to facilitate the work, which is why in this 
study and for practical purposes has been made use of a powerful tool called Polimodels [26,27], 
Table 3: Mechanical properties of the aggregates used to generate each of the models.
Mechanical properties of the RCA
Average value 
(kg/m3)
Range of results (kg/m3)
Minimum Maximum
f
c
 (MPa) 42.7 17.3 79.0
f
c,RC (MPa) 38.3 13.4 79.0
f
ct,CC (MPa) 5.0 2.1 15.5
f
ct,RC (MPa) 4.3 1.4 16.5
ECC (MPa) 32937 18900 49000
ERC (MPa) 28540 13800 49000
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which use the algorithm with the modules and techniques mentioned above to obtain and validate 
the parameters, which is considered a hybrid of different computational techniques, numerical 
calculus and statistical methods.
2.2.1 Polymodels software
Polimodels is software that has been implemented using Borland Delphi 6, and therefore is the 
Pascal object-oriented programming language. The graphical interface is based on menus and 
windows, and allows the definition of the MANLΦ, as well as various algorithm parameters 
and specification criteria previously. This executable generates a result in the form of files 
[25]. The algorithm that applies is appreciated in Fig. 1 in which basically the Gauss- 
Newton algorithm is used to obtain the parameters of the non-linear models.
As described briefly in Section 2.1, the dependent variable analyzed was modulus of elasticity 
(ERC) of RAC as a function of the independent variables that, depending on the phase, will be 
2, 3 or 4.
The ACI 318 [11], EHE-08 [10] and other international regulations provide various formulas to 
be able to determine the tensile strength and the modulus of elasticity of the concrete, from the 
compressive strength. In this sense, and as can be seen in the different models, the study was done 
in the first three cases using as reference parameter the compressive strength of the reference 
concrete (fc,RC), with recycled aggregate substitutions. In general terms, the variables that 
intervene directly in each model are:
fc,RC: Compressive strength of concrete with recycled aggregate substitution (MPa).
ECC: Modulus of elasticity of the reference concrete (MPa).
ERC: Modulus of elasticity of the concrete with percentage of substitution of recycled 
aggregate calculated from the model (MPa).
RCA: Percentage of recycled aggregate by weight replacing conventional coarse 
aggregate.
WA: Percentage of water absorption of recycled aggregate at 24 hours.
LA: Los Angeles wear coefficient of the recycled aggregate.
Figure 1: Summary of the process carried out in the research.
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In addition for each of the independent variables we have analyzed the different models that 
are listed below:
a) y = ERC (fc,RC, RCA)
b) y = ERC (fc,RC, RCA, WA)
c) y = ERC (fc,RC, RCA, WA, LA)
d) y = ERC (ECC, RCA)
e) y = ERC (ECC, RCA, WA)
f) y = ERC (ECC, RCA, WA, LA)
In Table 4 all the variables analyzed in the study are grouped, in addition it is seen how each 
one of them has been combined to the different 6 generated models. As can be seen for the 
models there are two possible cases: the first is to know the value of the compressive 
strength of the concrete with its respective percentage of substitution and the second case is 
to know a reference parameter, that is, the modulus of elasticity but without substitution of 
NA by RCA.
2.2.2 Selection criteria of the generated models
Having the database completed and also the models that are intended to generate, a debugging 
is performed. The Polimodels gives us a series of possible models to use; a brief discussion of 
the different possible selection criteria will be made. We could consider the hypothesis- 
contrast design as to the advantages of one model over another, but the loss of normality 
derived from an absence of linearity in many of the resulting models, avoids the calculations 
of being rigorous and formal. For this reason, any attempt in this sense cannot be more than a 
mere approximation [26].
First, the value of the coefficient of determination R2 is the most used estimator for regression 
in the field of research. However, the only consideration of the coefficient of determination as a 
measure of the goodness of the adjustment leads us to draw the wrong conclusions and the statement 
that additional measures are needed to complete the analysis [28].
Generally speaking, the model with the lowest average residue must be chosen as the ‘best’ 
model to explain the phenomenon [25]. In this sense, several ‘distances’ can be established 
Table 4: Summary table of dependent and independent variables.
Model
Parameter 
studied
Dependent 
variable
Independent variables
f
c,RC ECC RCA WA LA
1
Modulus of 
Elasticity for 
RAC
ERC
x X
2 x X x
3 x X x x
4 x X
5 x X x
6 x X x x
* 28-day compressive strength, splitting strength and modulus of elasticity.
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between the observed vector and the vector of estimated values; in other words, different 
rules for the residue vector can be considered, which are defined in eqxs. (1), (2) and (3).
 e e e e ek= + + + +1
2
2
2
3
2 2
... . (1)
 e abs e abs e abs e abs ek1 1 2 3= { }max ( ), ( ), ( ),..., ( ) . (2)
 e
abs e abs e abs e abs e
k
k
2
1 2 3
=
+ + + +( ) ( ) ( ) ... ( )
. (3)
With e1,…,ek and k as the absolute value of the difference between the observed value and the 
estimated value; k=1..n. being the number of observations.
It is in this sense that new indexes are sought that incorporate a measure of interpretation 
more comfortable for the researcher, as is the case of the so-called Mean Absolute Percentage 
Error (MAPE) for regression models [29], which is defined by eqx. (4).
 MAPE
abs e
y
abs e
y
abs e
y
abs e
y
k
k
=





 +





 +





 +
1
1
2
2
3
3
...





k
. (4)
With e1,…,ek and k as the absolute value of the difference between the observed value and 
the estimated value; y1,…,yk are the observed value and k=1..n. is the number of 
observations.
As can be seen, e yk k ⋅100 is a measure of the percentage of error committed with respect to 
our observed variable, yk, is in this sense that MAPE is chosen as the measure of discrimination 
and selection criteria.
3 RESULTS AND DISCUSSION
In the results presented below, we can see two parameters that have been crucial choosing 
the best model. It is provided the value of R2 that although how is explained in detail, is 
not as representative, has helped us to make inferences as to which model to take but the 
parameter of choice has been the value of MAPE. Each model has been chosen in such a 
way that its MAPE is the minimum, as a direct measure that helps us to know how much 
is the percentage error that is committed between the observed variable and that of the 
model under study.
3.1 Models of modulus of elasticity taking as reference parameter f
c,RC
Usually, concrete incorporating recycled aggregates has a lower modulus of elasticity than concretes 
made of conventional aggregates. The modulus of elasticity is related to aggregates and the stiffness 
of the mortar. According to Bairagi et al. [30] the weakness of the new interfaces between the new 
mortar and the RAC with the old mortar can cause the development of cracks that affect the 
deformability of the concrete. This reduction is dependent of the compressive strength of the concrete 
giving a smaller reduction to higher strengths.
Figure 2 shows the relative modulus of elasticity of the concretes used for the study. The 
majority of RAC’s have a modulus of elasticity lower than its reference (0% RAC) and only 
in specific cases exceed the value of the reference concrete.
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Models 1, 2 and 3 for ERC prediction based on the compressive strength of the RAC with 
the same percentage of substitution and the properties of the recycled aggregate are described 
in the following equations.
Model 1: E RCA fRC c RC= ⋅ + ⋅ +β β β1 2 3,
Model 2: E WA RCA f WA RCARC c RC= ⋅ + ⋅ + ⋅ + ⋅ ⋅β β β β1 2 3 4, ( )
Model 3: E WA LA RCA f f RCARC c RC c RC= ⋅ + ⋅ + ⋅ + ⋅ + ⋅ ⋅β β β β β1 2 4 3 4 4 5, ,( )
Models 4, 5 and 6 for ERC prediction as a function of the modulus of elasticity of the reference 
concrete ECC, percentage of recycled aggregate replacement and its properties are described in 
the following equations.
Model 4: E RCA E RCA ERC CC CC= ⋅ + ⋅ + ⋅ ⋅β β β1
2
2 3( )
Model 5: E WA RCA E E RCARC c C c C= ⋅ + ⋅ + ⋅ + ⋅ ⋅β β β β1 2
2
3 4,C ,C( )
Model 6: E WA LA RCA E LA RCARC CC= ⋅ + ⋅ + ⋅ + ⋅ + ⋅ ⋅β β β β β1
3
2
4
3 4 5( )
Table 5 shows the coefficients of the different models generated. The data obtained from the 
literature were compared with the results of the different models. Figure 3 shows the elastic 
modulus data observed and those calculated using the prediction models described above.
As can be appreciated, the models try to be as simple and clear as possible, so that their 
application is direct. In Fig. 3 the observed and calculated values are compared and it can be 
seen the 6 models with their respective MAPE and R2, and their adjustment by adding each 
one of the variables. How was mentioned previously, the value of MAPE would be taken as 
the reference parameter because it is a more reliable measure of the correlation between 
observed and calculated values [28]. In addition, as a complementary measure, the value of 
R2 is calculated.
Figure 2:  Relative modulus of elasticity of concrete vs coarse RCA content
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Figure 4 shows the values of R2 and MAPE for all the different models generated (1, 2, 
3, 4, 5 and 6) in which, as variables are added to our prediction model. As can be observed 
there is a decrease in the MAPE values and at the same time an increase in the value of R2. 
Mainly because R2 and the number of data, usually vary inversely [28] in the same way 
number of variables also conditions this coefficient since R2 is a non-decreasing function 
of the number of regressor variables present in the model, so that as the number of variables 
increases, R2 increases [28]. According to this, R2 measures the explanatory capacity of the 
different variables X, on the variable Y, this because introducing another regressive variable 
in the model, the explanatory level will be greater between the two, than with the first, or 
in any case, will not diminish because the first variable continues as explanatory. In 
Figure 3: Prediction of calculated values and observed values of modulus of elasticity of the 
models 1, 2, 3, 4, 5 and 6.
Table 5: Prediction coefficients for models 1, 2, 3, 4, 5 y 6.
Models β1 β2 β3 β4 β5
Model 1 -7.55·101 2.04·107 – – –
Model 2 8.05·102 -3.78·101 2.15·107 -8.92 –
Model 3 6.71·107 -7.45·10-4 3.75·10-5 4.88·102 -3.75
Model 4 2.62·10-1 9.98·10-1 -0.34·10-3 – –
Model 5 -4.68·102 1.51·10-1 1.06 -2.74·10-3 –
Model 6 2.03 -3.81·10-4 1.25·102 1.00 -5.84
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addition, it can be appreciated how MAPE decreases as the number of explanatory variables 
increases.
4 CONCLUSIONS
In this paper, the main objective has been to predict the modulus of elasticity of RAC. In order 
to do this, different studies that cover a wide range of results in the mechanical properties of 
RAC have been selected in order to obtain nonlinear models that can be adapted to the majority 
of RAC.
It has been taken into account, not only the percentage of incorporation of recycled aggregate 
and its physical properties, but also the modulus of elasticity of the reference concrete from 
which it is intended to replace part of the natural aggregate by recycled aggregate.
The nonlinear models obtained are able to predict the modulus of elasticity of RAC knowing 
the physical properties of the RCA, the RCA content and knowing the modulus of elasticity of 
the reference concrete (0% RCA). This is an economic saving for the producers since it would 
not be necessary to manufacture RAC to estimate the value of its modulus of elasticity.
The greater knowledge on the properties of the RCA, such as the WA and LA values, pro-
vides nonlinear models with a lower MAPE and a higher value of R2, so we can state that the 
selection of these variables as explanatory of the modulus of elasticity is completely correct.
These models allow engineers to estimate the modulus of elasticity of recycled concrete as 
a function of the content of recycled aggregate and the knowledge of the properties of this 
one (WA and LA).
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